Pattern formation in developing animals requires that cells exchange signals mediated by secreted proteins. How these signals spread is still unclear. It is generally assumed that they reach their target site either by diffusion or active transport (reviewed in [1,2]). Here, we report an alternative mode of transport for Wingless (Wg), a member of the Wnt family of signaling molecules. In embryos of the fruit fly Drosophila, the wingless (wg) gene is transcribed in narrow stripes of cells abutting the source of Hedgehog protein. We found that these cells or their progeny are free to roam towards the anterior. As they do so, they no longer receive the Hedgehog signal and stop transcribing wg. The cells leaving the expression domain retain inherited Wg protein in secretory vesicles, however, and carry it forwards over a distance of up to four cell diameters. Experiments using a membrane-tethered form of Wg showed that this mechanism is sufficient to account for the normal range of Wg. Nevertheless, evidence exists that Wg can also reach distant target cells independently of protein inheritance, possibly by restricted diffusion. We suggest that both transport mechanisms operate in wild-type embryos.
In the ventral abdominal epidermis of Drosophila embryos, Wg signaling specifies bald cuticle by repressing the transcription of shavenbaby, a gene required for the formation of hair-like protrusions called denticles [3] . As expected for a secreted product, the Wg protein is distributed more widely than its mRNA. Transcription of wg is in singlecell-wide stripes whereas the protein is detected over 3-4 cell diameters [4] (Figure 1b ). Cuticle preparations from larvae carrying a lacZ reporter under the control of the wg promoter (wg-lacZ) show that bald cuticle is made by cells located as much as four cell diameters away from the wg expression domain (Figure 1a ).
Much of the Wg protein is detected in intracellular vesicles [4, 5] . Vesicles outside the domain of transcription are assumed to contain Wg that has been taken up by nonexpressing cells. In fact, internalisation of Wg has been proposed to be required for its transport: according to the model of planar transcytosis, internalized Wg is subsequently re-released into the extracellular space and hence presented to more distant cells [6] . Of course, internalisation of Wg could also constitute the first step towards degradation in lysosomes [5] . An alternative to the planar transcytosis model of transport is that Wg diffuses in the extracellular space, possibly interacting with membraneassociated glycoproteins [7] .
Membrane-tethered Wg rescues a wg mutation
Irrespective of the transport mechanism, one would expect that, if the Wg protein were artificially tethered to the membrane of secreting cells and, hence, prevented from being released into the extracellular space, its range would be reduced and the area of bald cuticle would narrow. We tested this by expressing membrane-tethered Wg (UAS-Nrt-flu-Wg [8] ) in a wg null mutant with a wg-GAL4 driver. To our surprise, wg mutants rescued by membrane-tethered Wg could hardly be distinguished from wild-type embryos (Figure 1c,d ). In particular, the bands of naked cuticle were as wide as in the wild type, suggesting that membrane-tethered Wg can act as far as four cell diameters away.
Two trivial explanations could account for the rescue. One is that membrane-tethered Wg might be leaky. Tethering Wg to the cell membrane was achieved by fusing it to the transmembrane protein Neurotactin (Nrt) [8] . Rescue could be explained if this fusion protein were cleaved, releasing active Wg into the extracellular space. There is, however, no indication of cleavage from western blots [8] . Moreover, two functional assays confirm that Nrt-flu-Wg remains attached to expressing cells. First, clones of cells expressing Nrt-flu-Wg in wing imaginal discs activate Wg target genes only in adjoining cells [8] . Second, when this fusion protein is expressed in embryos with the engrailed (en)-GAL4 driver, it specifies naked cuticle only in cells adjoining the expression domain [9] . Thus, Nrt-flu-Wg acts only on adjoining cells as designed. A second possible explanation for the rescue of wg mutants by Nrt-flu-Wg is that the wg-GAL4 driver could be expressed in a wider area than the domain of endogenous wg expression. We stained wg-GAL4 embryos with a GAL4 RNA probe and found its distribution to be identical to that of wg mRNA in wild-type embryos (Figure 1e,f) . Therefore, broaderthan-expected expression of wg-GAL4 does not account for the wide range of action of Nrt-flu-Wg. Another explanation for the ability of membrane-tethered Wg to reach distant cells must be sought.
The parasegment boundary imposes directionality to cell spreading
During normal development, en-expressing cells do not cross into the anterior compartment where wg is expressed [10] . However, wg-expressing cells and their progeny may be free to roam in the anterior direction. This suggests an alternative explanation for the 'long-range action' of Nrt-flu-Wg: it could be carried anteriorwards by moving cells and their progeny (Figure 2 ; diagram). To test the feasibility of such a mechanism, we tracked the progeny of single cells marked at the time when wg expression commences. Single cells were marked by photoactivating caged rhodamine with the ultraviolet (UV) laser beam of a confocal microscope. To have a spatial landmark at later developmental times, this experiment was performed with embryos expressing the green fluorescent protein (GFP) in the posterior compartment (en-GAL4 UAS-nlsGFP). The progeny of marked cells were identified in live embryos at late stage 11 (after three mitoses) and mapped relative to the domain of en expression. We found that, although no clones crossed the parasegment boundary, those located just in front of the en domain spanned several cell diameters (up to five) in the anteroposterior direction. One example is shown in Figure 2 . Four other clones located within the posterior region of the anterior compartment were obtained. They were similar in aspect to the one shown in Figure 2 and spanned 4-5 cells along the anteroposterior axis, revealing the extent of clonal spread along the anteroposterior axis. As the parasegment boundary is a clonal boundary, it imposes directionality to this spread, resulting in the net movement of wg-expressing cells towards the anterior. Importantly, clonal spread covered a broad area of the ectoderm and can account for the range of Nrt-flu-Wg in our rescue experiment.
If, as we propose, Wg is carried by moving cells and their progeny, a stable non-secreted protein should also be transported towards the anterior. This prediction was tested using a Gal4-responsive transgene encoding nuclear-targeted β-galactosidase (β-gal), which we found to be relatively stable (see legend to Figure 3 ). We determined whether this product was carried forwards in the ventral epidermis. Indeed, in embryos carrying wg-GAL4 and UAS-nuc-lacZ, β-gal was detected in stripes 3-4 cells wide in front of the parasegment boundary (Figure 3b ). This is substantially wider than the GAL4 RNA stripes. In hatched larvae of the same genotype, β-gal activity was detected within similarly wide bands of cells occupying the middle of the bald regions (Figure 3c ). We suggest that β-gal made by wg-expressing cells is retained even when cells move away from the source of Hedgehog and therefore shut off the wg promoter. As cells could move only towards the anterior of the parasegment boundary, β-gal appears to spread in the anterior direction. Note that such spreading could not have occurred through cellular extensions such as cytonemes [11] as the β-gal product was nuclear in this experiment. Thus, a non-secreted protein can spread by being passed on to the progeny of expressing cells. As expected then, when driven by wg-GAL4, Nrt-flu-Wg was detected in stripes that were Figure 3d ,e). We suggest that, like nuclear β-gal, Nrt-flu-Wg driven by wg-GAL4 is retained by cells as they spread anteriorwards and this accounts for its range of action (Figure 3f) . We now address whether wild-type Wg protein is also carried forwards by cell inheritance during normal development.
Wg colocalizes with secretory vesicles
As we have shown, the Wg-containing vesicles found at the anterior of the transcription domain are within cells that descended from wg-expressing cells. These vesicles are therefore not necessarily endocytic. They could equally contain unsecreted protein inherited from past expression. No good immunological markers are available in Drosophila to distinguish endocytic vesicles from secretory ones. To label the secretory pathway, we made flies expressing GFP fused to the signal peptide of Wg (UAS-GFP secr ). When this fusion was expressed with the en-Gal4 driver, fluorescence was detected in bright intracellular dots within the en domain as well as weakly throughout the perivitelline space (Figure 4a ). The punctate fluorescence in expressing cells most probably represents GFP transiting through the secretory pathway and thus identifies secretory vesicles. In live embryos expressing GFP secr under the control of wg-GAL4, vesicular staining was detected in stripes 3-4 cells wide at stage 11 (Figure 4b) . Thus, secretory vesicles are present several cell diameters beyond the domain of expression.
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Figure 2
Cell clones colonize a wide area within the normal range of Wg action. A photoactivatable lineage tracer consisting of a dextran backbone, nuclear-localization peptides and caged rhodamine was synthesized as described [10] except that caged rhodamine N-hydroxy-succinimidyl ester (Molecular Probes) was used instead of caged fluorescein N-hydroxy-succinimidyl ester. A 1 mg/ml solution of the tracer was injected before cellularization and embryos were left to develop to stage 5 at room temperature. For photoactivation, the embryos were mounted in a custom-built chamber and viewed under the confocal microscope. The UV laser of the confocal microscope (excitation wavelengths at 361 nm and 365 nm) was used for uncaging. The left panel shows a live, late stage 11 embryo bearing the progeny of a single cell marked at the cellular blastoderm (red) and expressing nuclear GFP (green) under the control of en-GAL4. The diagram outlines the presumed behavior of cells during this period of development. A wg-expressing cell gives rise to eight daughters that spread anteriorly.
Figure 3
Spread of a non-secreted protein within the range of Wg action. (a) Lateral view of a stage 12 wg-GAL4 UAS-nuc-lacZ embryo (8 h after egg laying, AEL). As outlined below, this view allows an estimate of the stability of the product encoded by UAS-nuc-lacZ. In the ventral ectoderm, expression of wg (and of GAL4 in wg-GAL4) continues throughout development. In the lateral ectoderm (bracket), however, expression terminates around 5 h AEL (see Figure 1f) and stability can therefore be assessed in these cells. As can be seen by staining with anti-β-gal antibody (Cappell), in wg-GAL4 UAS-nuc-lacZ embryos, β-gal protein persisted in these lateral cells These embryos were fixed and stained with anti-Wg antibody. Although much GFP fluorescence was lost upon fixation, we did detect extensive colocalization between Wg protein and the remaining GFP signal even outside the wg expression domain (Figure 4c-e) . This suggests that many Wg-containing vesicles are secretory as opposed to endocytic (although endocytic vesicles may exist as well). The presence of Wg-containing vesicles at the anterior of the Wg expression domain is often taken as evidence for transport from cell to cell. Our result shows that this assumption must be revised. It also shows that, during normal development, cell spreading contributes significantly to the anterior movement of endogenous Wg protein.
In conclusion, we have found that, as cells proliferate and spread, they can retain the Wg signal and thus affect target cells some distance away from the site of wg transcription. It is important to note that Wg can also spread independently of cell movement [9] , possibly by restricted diffusion. We have been able to uncouple the two mechanisms of Wg movement and, thus, have shown that either is sufficient to ensure a normal range of action. Presumably, both contribute during wild-type development although we cannot as yet assess their relative importance. Interestingly, the parasegment boundary allows cells to carry Wg only towards the anterior and this adds to other mechanisms ensuring an asymmetric range of Wg in Drosophila embryos [9] . Without this border, cells carrying Wg could wander towards the posterior and disrupt segment polarity.
Supplementary material
Supplementary material including additional methodological details is available at http://current-biology.com/supmat/supmatin.htm. Figures 1 and 3 . We used an enhancer trap that expresses GAL4 more strongly than the construct with 5 kb of regulatory sequence. Note the presence of vesicular staining in a four-cell-wide domain. (c-e) Colocalization (yellow in (e)) of Wg (red; single channel in (c)) and GFP secr (green; single channel in (d)) in wg-GAL4 UAS-GFP secr embryos. Arrows point to colocalized vesicles outside the wg expression domain. Some Wg-containing vesicles did not seem to contain GFP fluorescence. They may represent endocytic vesicles or, alternatively, the GFP was below the detection level in these vesicles (substantial GFP fluorescence was lost upon fixation and subsequent antibody staining).
